The restricted neutralization breadth of vaccine-elicited antibodies is a major limitation of current human immunodeficiency virus-1 (HIV-1) candidate vaccines. In order to permit the efficient identification of vaccines with enhanced capacity for eliciting cross-reactive neutralizing antibodies (NAbs) and to assess the overall breadth and potency of vaccine-elicited NAb reactivity, we assembled a panel of 109 molecularly cloned HIV-1 Env pseudoviruses representing a broad range of genetic and geographic diversity. Viral isolates from all major circulating genetic subtypes were included, as were viruses derived shortly after transmission and during the early and chronic stages of infection. We assembled a panel of genetically diverse HIV-1-positive (HIV-1 ؉ ) plasma pools to assess the neutralization sensitivities of the entire virus panel. When the viruses were rank ordered according to the average sensitivity to neutralization by the HIV-1 ؉ plasmas, a continuum of average sensitivity was observed. Clustering analysis of the patterns of sensitivity defined four subgroups of viruses: those having very high (tier 1A), above-average (tier 1B), moderate (tier 2), or low (tier 3) sensitivity to antibody-mediated neutralization. We also investigated potential associations between characteristics of the viral isolates (clade, stage of infection, and source of virus) and sensitivity to NAb. In particular, higher levels of NAb activity were observed when the virus and plasma pool were matched in clade. These data provide the first systematic assessment of the overall neutralization sensitivities of a genetically and geographically diverse panel of circulating HIV-1 strains. These reference viruses can facilitate the systematic characterization of NAb responses elicited by candidate vaccine immunogens.
The development of an HIV-1 vaccine that can elicit protective humoral and cellular immunity is one of the highest priorities in the global fight against HIV/AIDS (2, 44). Data from lentiviral animal models suggest that antibodies capable of neutralizing primary strains of HIV-1 may have the capacity to prevent HIV-1 infection (1, 28, 30, 35) . However, the ability to design immunogens that can elicit such broadly reactive neutralizing antibodies (NAbs) has proven to be a formidable obstacle, due in part to the extensive genetic diversity of HIV-1 and the complex escape mechanisms employed by the envelope gp120 and gp41 glycoproteins that form the trimeric viral envelope spike (Env) (20, 34, 45) . As improved vaccine immunogens enter the stage of detailed preclinical analysis, the in vitro assays used for evaluating vaccine sera will need to detect incremental advances in the magnitude, breadth, and durability of NAb responses (37) . Such data can then be used to distinguish and prioritize among antibody-based vaccine immunogens. Furthermore, highly reproducible and quantitative data on vaccine-elicited NAbs can enhance our understanding of the relationship between Env immunogen design and the resulting antibody response generated.
Current recommendations for evaluating candidate vaccine sera for NAb activity include the use of standard reference panels of molecularly cloned HIV-1 Env pseudoviruses and a tiered algorithm of testing (27) . Reference virus panels should represent genetically and geographically diverse subsets of viruses with neutralization phenotypes that are generally representative of primary isolate strains that a vaccine would need to protect against. As such, standard reference panels for HIV-1 subtypes B and C have been described (22, 23) , and efforts continue toward the creation of virus reference panels representing additional genetic subtypes. For tiered evaluation of NAb activity, vaccine sera are first tested against homologous Env pseudoviruses and/or a small number of isolates that are known to be highly sensitive to antibody-mediated neutralization (commonly referred to as tier 1 viruses). A more rigorous assessment of the potency and breadth of vaccine-induced NAbs entails testing against more resistant reference panel viruses (commonly referred to as tier 2 viruses) that are either matched or mismatched in genetic subtype to the vaccine immunogen (second and third tiers of testing, respectively). This tiered approach for testing candidate HIV-1 vaccine sera is advantageous in that it provides increasingly stringent levels for assessing the potency and breadth of NAbs, uses standardized panels of reference viruses for consistency and reproducibility, and allows for the generation of comparative data sets for evaluating different candidate vaccine regimens.
While the tiered algorithm for evaluating vaccine sera has gained acceptance in the field, a major limitation has been the lack of objective data to characterize HIV-1 Env pseudoviruses according to their overall sensitivity or resistance to antibodymediated neutralization. The category of sensitive, tier 1 viruses arose in part from the observation that HIV-1 isolates passaged through T-cell lines often become highly sensitive to antibody-mediated neutralization (33) . Compared to these laboratory-adapted viruses, most primary isolate strains are moderately resistant to NAbs. Yet, even among recently isolated circulating viral Envs, there is a wide spectrum of neutralization sensitivity. Some HIV-1 isolates have a neutralization phenotype closer to that of tier 1 viruses, while others appear to be quite neutralization resistant (6, 19, 22, 23) . Overall, there are few data from which to understand or categorize the viral neutralization phenotypes of HIV-1 strains. As a result, we have a limited ability to assess the potential potency of vaccineelicited NAbs or to estimate the percentage of circulating HIV-1 isolates that would be neutralized. Further categorization of isolates into distinct subgroups based on sensitivity to NAbs may reveal patterns of neutralization that could provide a greater understanding of the NAb response generated by current and future vaccine immunogens. In addition, the structure-based design of novel immunogens may be facilitated by an ability to monitor the types of viruses neutralized and to specifically map the viral epitopes targeted by vaccine-elicited NAbs.
In this study, we assembled a diverse panel of 109 HIV-1 Env pseudoviruses, including multiple representatives from clades A, B, and C and circulating recombinant forms (CRFs) CRF07_BC and CRF02_AG-related. These were tested for their sensitivities using HIV-1-positive (HIV-1 ϩ ) plasma samples representative of clades A, B, and C and CRF01_AE and CRF02_AG. Clinical, demographic, and viral genetic sequence data were collected for each virus. The neutralization phenotype of each virus was assessed with a panel of seven cladespecific HIV-1 ϩ plasma pools. Viruses were rank ordered according to average neutralization sensitivity, and k-means clustering was utilized to identify four subgroups of viruses with neutralization phenotypes ranging from highly sensitive to resistant. Together, these results will improve the ability to rigorously evaluate antibody-based HIV-1 vaccines and will facilitate the interpretation of assay results to identify immunogens with improved capacity to elicit broadly cross-reactive NAbs.
MATERIALS AND METHODS
Cell lines. The TZM.bl cell line was obtained through the NIH AIDS Research and Reference Reagent Program (ARRRP), as contributed by J. Kappes and X. Wu (12, 36) . 293T/17 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA). Both of these adherent cell lines were maintained in Dulbecco's modified Eagle's medium (D-MEM) growth medium (Gibco/Invitrogen) containing 10% heat-inactivated fetal bovine serum (FBS), 25 mM HEPES, and 50 g/ml gentamicin. Cells were harvested using trypsin/EDTA solution (Gibco/Invitrogen). All cell lines were maintained at 37°C in humidified air containing 5% CO 2 .
Plasma samples, HIV immunoglobulin (HIVIG), and monoclonal antibodies (MAbs).
Plasma samples from HIV-1-infected donors not on antiretroviral therapy were obtained from various sources. Four subtype-B plasma samples (1648, 1652, 1686, and 1702) which comprised the clade B-Zepto pool were obtained from Zeptometrix Corporation (Buffalo, NY). Five subtype-C plasma samples (BB12, BB34, BB55, BB87, and BB107) which comprised the clade C-SA pool (South Africa) were purchased from the South African National Blood Services (Johannesburg) and provided by Lynn Morris. The above-mentioned plasma samples were selected based on previous characterization of HIV-1 neutralizing antibody activity (4) and were assayed against all viruses individually or as a pool containing an equal mixture of all constituents. The clade A pool (East Africa), clade B pool (United States), clade C-TZ pool (Tanzania), CRF01_AE pool (Thailand), and CRF02_AG pool (Cameroon) were generously provided by Victoria Polonis (Walter Reed Army Institute of Research). Each pool consisted of an equal mixture of 6 individual plasma samples, with the exception of the clade B pool, which contained a mixture of approximately 600 plasma samples. All constituents of the clade A, clade C-TZ, and CRF01_AE pools were confirmed as pure subtype infections by full HIV-1 genome sequencing, whereas constituents of the clade B and CRF02_AG pool were selected based on likely subtype of infection. Donor clinical information was not available for the plasma samples used in these studies, but all were likely obtained during the chronic phase of HIV-1 infection. Two HIV-1-negative control plasma samples were obtained from Zeptometrix. All plasma samples were heat inactivated for 1 h at 56°C prior to use in neutralization assays.
Polyclonal HIVIG was obtained from the NIH ARRRP. The MAbs 17b and 1.5E, directed against the coreceptor and CD4 binding site (CD4bs) on gp120, respectively, were provided by James Robinson (Tulane University). The anti-V3 loop MAb 447-52D was provided by Susan Zolla-Pazner (New York University).
Viral isolates. Molecularly cloned gp160 genes for HIV-1 Env pseudovirus production were obtained as follows: the subtype B Env clone SF162.LS (41) HIV-1 Env pseudovirus production and titration. Stocks of single-roundinfection HIV-1 Env pseudovirus were produced by cotransfecting 293T/17 cells (1.7 ϫ 10 7 cells per T75 flask) with 2 g of an HIV-1 rev/env expression plasmid and 12 g of an env-deficient HIV-1 backbone plasmid (pSG3⌬Env) using Lipofectamine transfection reagent (Invitrogen). Pseudovirus-containing supernatant was harvested 24 h following transfection and clarified by centrifugation and 0.45-m filtration. Single-use aliquots (1.0 ml) were stored at Ϫ80°C. The 50% tissue culture infectious dose (TCID 50 ) for each pseudovirus preparation was determined by infection of TZM.bl cells as previously described (22) . A T-cell-line-adapted (TCLA) strain of HIV-1 MN was obtained from the NIH ARRRP as contributed by R. Gallo (15, 39) , and cell-free stocks were generated using H9 cells as previously described (32) .
Neutralization assay. Virus neutralization was measured using a luciferasebased assay in TZM.bl cells as previously described (31) . This assay measures the reduction in luciferase reporter gene expression in TZM.bl cells following a single round of virus infection. Briefly, 3-fold serial dilutions of serum samples were performed in duplicate (96-well flat bottom plate) in 10% D-MEM growth medium (100 l/well). An amount of 200 TCID 50 of virus was added to each well in a volume of 50 l, and the plates were incubated for 1 h at 37°C. TZM.bl cells were then added (1 ϫ 10 4 /well in a 100-l volume) in 10% D-MEM growth medium containing DEAE-dextran (Sigma, St. Louis, MO) at a final concentration of 11 g/ml. Assay controls included replicate wells of TZM.bl cells alone (cell control) and TZM.bl cells with virus (virus control). Following a 48-h incubation at 37°C, 150 l of assay medium was removed from each well and 100 l of Bright-Glo luciferase reagent (Promega, Madison, WI) was added. The cells were allowed to lyse for 2 min, and then 150 l of the cell lysate was transferred to a 96-well black solid plate, and luminescence was measured using a Victor 3 luminometer (Perkin Elmer). The 50% inhibitory dose (ID 50 ) titer was calculated as the serum dilution that caused a 50% reduction in relative luminescence units (RLU) compared to the level in the virus control wells after subtraction of cell control RLU. All data were analyzed with 5-parameter curve fitting using neutralizing antibody analysis software provided by the CAVD Vaccine Immunology Statistical Center.
Statistical analysis. Viruses were compared with respect to overall neutralization sensitivity by rank ordering based on average log 10 ID 50 titers across the 7 plasma pools. Viruses were grouped using k-means clustering, with the number of clusters determined using the methods of Tibshirani et al. (42) and Calinski and Harabasz (10) . A heatmap that illustrates the data underlying the clustering patterns was generated using a modified version of the heatmap tool on the Los Alamos database (http://www.hiv.lanl.gov/content/sequence/HEATMAP /heatmap.html). The number of clusters that appear in the heatmap was determined by successively increasing the number of clusters used in a k-means analysis and stopping at the maximum number of clusters that achieved a threshold level of stability. The robustness of membership within a given cluster was evaluated by bootstrap resampling of the pooled sera and, also, by including a model of assayto-assay variation based on repeat experiments for a subset of samples. Cluster membership was considered stable if it was seen in at least 80% of the bootstrap and model samples; only four clusters were found to be stable at this threshold. The impact of virus characteristics on neutralization sensitivity was evaluated using a linear generalized estimating equation (GEE) model for log 10 ID 50 titers (25) , with the inclusion of a binary covariate to indicate whether the virus and plasma pool were of the same clade. The relationships between the NAb activities of plasma pools and those of their constituents were evaluated by calculating the average ID 50 titer value across all the constituents in each pool, log transforming this average, and comparing it with the log 10 ID 50 value for the plasma pool. Phylogenetic analysis used the maximum-likelihood method as previously described (3) .
RESULTS

Characteristics of the assembled viral isolates and HIV-1
؉ plasma samples. A panel of 109 Env pseudoviruses was assem- bled for characterizing the spectrum of HIV-1 sensitivities to antibody-mediated neutralization. Viruses were primarily chosen based on genetic diversity (predominantly subtypes A, B, C, CRF07_BC, and CRF02_AG-related), geographic diversity (United States, Europe, South Africa, Tanzania, Ethiopia, Zambia, Cameroon, Peru, India, and China), and stage of infection (transmitted/founder, early/acute, and chronic). The vast majority of isolates were from sexually acquired infections, and a smaller subset (approximately 10%, all subtype CRF07_BC) was from intravenous drug use transmissions. Viruses comprising recommended panels of clade B and clade C reference strains (22, 23) , as well as isolates known historically to be highly sensitive to antibody-mediated neutralization, were also included. More detailed information for each of these viruses is presented in Table 1 .
To assess and compare the relative neutralization sensitivities of these viruses, we utilized diverse panels of HIV-1 ϩ plasma pools for NAb assays. The clade A pool (East Africa), clade B pool (United States), clade C-TZ pool (Tanzania), CRF01_AE pool (Thailand), and CRF02_AG pool (Cameroon) were each constructed using equal amounts of plasma from at least six chronically infected donors not on antiretroviral therapy. No preselection criteria (i.e., prior NAb data) were used for choosing constituent plasma samples to include in these plasma pools. We also constructed an additional clade B-Zepto pool (Zeptometrix) and clade C-SA pool (South Africa) using constituent plasma samples that were selected based on extensive prior characterization and known broad NAb activity (4). The few existing MAbs that neutralize primary HIV-1 isolates were not used to categorize viruses in this study because these were derived solely from clade B-infected subjects and are directed to a limited set of epitopes on HIV-1 gp120 and gp41.
Ordering of HIV-1 isolates by average log 10 ID 50 titer. NAb assays were performed to determine the sensitivity of each of the 109 HIV-1 isolates to neutralization by each of the seven HIV-1 ϩ plasma pools. Assays were conducted using a validated NAb assay protocol under full good clinical laboratory practice (GCLP) compliance. The distribution of viruses according to average log 10 ID 50 titer is shown in Fig. 1 . While many of the viruses tested exhibited a similar range of average sensitivities to neutralization by the various plasma pools, subsets of viruses at either end of the spectrum clearly demonstrated a more sensitive or resistant phenotype. The three most sensitive viruses (MW965.26, SF162.LS, and MN) were neutralized by all plasma pools with reciprocal log 10 ID 50 titers ranging from 3.0 to 4.5, whereas viruses on the opposite end of the rank order were relatively insensitive to neutralization by several of the seven HIV-1 ϩ plasma pools (ID 50 titers of Ͻ20). Most viruses also demonstrated a variable spectrum of sensitivities to the plasma pools, as shown by the vertical lines in Fig. 1 . In general, the clade B, clade C-SA, and clade B-Zepto pools demonstrated higher levels of neutralization potency than the other plasma pools. No significant NAb activity was observed when plasma pools were tested against a negativecontrol murine leukemia virus (MuLV) or when HIV-1 Env pseudoviruses were assayed using normal naïve plasma (data not shown). In addition to ordering viruses based on NAb ID 50 titers, we investigated the use of ID 80 titers and area under the titration curve (AUC) as parameters for assessing neutralization sensitivity. As many HIV-1 ϩ plasma pools did not achieve at least 80% neutralization against a large proportion of viruses at the lowest dilution tested (1:20) , the high number of left-censored values (approximately 33%) made interpretation of ID 80 rankordering results difficult (data not shown). We hypothesized that AUC analysis of the NAb assay data would prove a useful method for ordering viruses, as every virus/plasma pool test provides a measurable data value regardless of whether 50% or 80% neutralization is achieved. To minimize the influence of titration curve area that is within the realm of noise in the NAb assay, we performed all analyses using a partial AUC (pAUC), defined as the area under the titration curve measured between 20 and 100% neutralization. The ID 50 titer and pAUC for each virus/plasma pool were found to be highly correlated (r ϭ 0.95, P Ͻ 2.2 ϫ 10 Ϫ16 ) (Fig. 2) . While pAUC did provide measurable values for several virus/plasma assays that had undetectable ID 50 titers, overall the two methods gave very similar results. As such, when viruses were ordered and comparisons performed using pAUC, the results were found to be highly concordant with the average log 10 ID 50 titer ordering analysis (data not shown).
Comparison of neutralization activities in plasma pools versus those of individual constituents of the pools. To maximize the diversity of plasma samples used for assessing the neutralization sensitivities of isolates in our HIV-1 Env pseudovirus panel, we utilized subtype-specific HIV-1 ϩ plasma pools. The majority of pools were created using an equal mixture of plasma from 4 to 6 individuals, which we reasoned would provide the desired sample diversity of the antibody repertoire without extensively diluting out NAbs present in any one of the constituent samples. To further investigate how the neutralization of a plasma pool related to the neutralization of its constituents and whether the pooling of samples was a reasonable means to represent individual plasma samples, we tested each of the constituent plasma samples represented in the clade B-Zepto pool (n ϭ 4) and clade C-SA pool (n ϭ 5) in NAb assays against the entire panel of HIV-1 Env pseudoviruses. Since the pools were comprised of equal parts of the constituents, we compared the log 10 ID 50 titer of each plasma pool with the log of the average ID 50 titer of its constituents. As shown in Fig. 3 , we found reasonable agreement between the NAb titers of the plasma pools and the expected average NAb titers of the individual constituents (r ϭ 0.64 and r ϭ 0.85 for the clade B-Zepto and C-SA samples, respectively) and did not detect any pronounced evidence of synergy or hindrance associated with the pooling of samples.
Neutralization sensitivity of standard reference viruses. Our panel of HIV-1 Env pseudoviruses included recommended panels of clade B and clade C reference viruses that are used extensively for standardized assessments of NAbs (n ϭ 12 isolates/panel). The rank-ordering analysis allowed us to better define the spectrum of neutralization sensitivities represented by reference panel viruses in the context of a larger number of HIV-1 Env pseudoviruses. Figure 4 outlines the individual isolates in the standard clade B and clade C reference panels. In addition, we assessed the rank-order distribution of 12 clade A isolates and 12 clade B transmitted/founder viruses. These results show that each of the subpanels represents a reasonable distribution of viruses as determined by rank order and that these reference virus panels should continue to be highly useful as standardized reagents for neutralization assays.
Virus characteristics associated with neutralization sensitivity. Associations were sought between the neutralization sensitivity and other properties of the viruses. acute/early, or chronic), and the source of virus (plasma, cocultured PBMC, or uncultured PBMC). The effect of clade match between the viral isolate and the plasma pool tested was also examined. A generalized estimating equation model was used to quantify the association between the above-mentioned characteristics and NAb ID 50 titers (Table 2) . While no significant associations were found with the source of virus or stage of infection, we did observe a significant impact of clade (generalized Wald test, P ϭ 0.0019). In general, the clade A and clade C isolates of this panel tended to be more sensitive to antibody-mediated neutralization than B isolates, whereas the CRF02_AG and CRF07_BC viruses were less sensitive. In particular, we found that the greatest predictor of neutralization sensitivity was when the clade of the HIV-1 ϩ plasma pool matched the clade of the virus (generalized Wald test, P Ͻ 0.0001). The clade A, B, and C HIV-1 ϩ plasma pools demonstrated greater NAb potency against viruses of the matched clade than against viruses from a nonmatched clade (Fig. 5) .
Additional NAb phenotyping of HIV-1 Env pseudoviruses. We further tested all HIV-1 Env pseudoviruses for sensitivity to neutralization by MAbs specific for the V3 loop (MAb 447-52D), the CD4 receptor binding site (MAb 1.5E), or the coreceptor binding site (MAb 17b) of gp120 (11, 17, 47) . Isolates susceptible to neutralization by these particular MAbs have often been regarded as globally sensitive strains that may not be representative of most circulating viruses (34) . We therefore wanted to assess whether neutralization by 447-52D, 17b, or 1.5E was predictive of neutralization sensitivity as de- Table 1 and Fig. 8) .
d ccPBMC, cocultured PBMC; ucPBMC, uncultured PBMC.
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at DUKE MEDICAL LIBRARY on February 2, 2010 jvi.asm.org termined by our panel of HIV-1 ϩ plasma samples. In general, the approximate top 10% of sensitive viruses identified in our rank-ordering analysis clearly demonstrated enhanced susceptibility to these particular MAbs, whereas almost all other isolates were resistant (Table 1) . However, a few exceptions were noted in which lower rank-ordered viruses (less neutralization sensitive to plasma pools) demonstrated sensitivity to one or more of these MAbs. These data demonstrate that the use of a complex panel of HIV-1 ϩ plasma samples reveals patterns of virus neutralization that are more complex than those revealed by individual MAbs. Therefore, polyclonal plasma samples may be a more robust method for comparing the global sensitivities of a large panel of HIV-1 viruses and identifying particularly sensitive or resistant isolates.
Grouping of HIV-1 Env pseudoviruses based on patterns in neutralization sensitivity.
With the initial rank ordering of HIV-1 Env pseudoviruses as a background, we sought to determine whether these NAb data could be further utilized to group subsets of viruses based on patterns in neutralization sensitivity. k-means clustering of NAb ID 50 titers from each virus/plasma pool combination distinguished four groups of viruses that exhibit similar neutralization profiles (Fig. 6) . Two clusters of viruses were identified (designated here as tier 1A and tier 1B) that have a more sensitive neutralization phenotype overall than all other HIV-1 Env pseudoviruses evaluated. The majority of viruses formed a cluster with moderate neutralization sensitivity (tier 2), whereas a small fraction of viruses exhibited a more neutralization-resistant phenotype (tier 3). We further examined the robustness of the identified clusters to account for the uncertainty that may be associated with limited sampling (bootstrap) and assay variability (noise). Figure 7 shows a hierarchical clustering heatmap of NAb ID 50 titers for each virus/plasma pool assay, with HIV-1 Env pseudoviruses in each tier group that clustered with Ն80% probability highlighted in boxes. Viral isolates identified as tier 1A and tier 3 were found to form reproducible clusters when bootstrap and noise were incorporated into the analysis. The majority of isolates identified as tier 1B and tier 2 viruses were also found to cluster consistently; however, there were also a proportion of these viruses that were more ambiguous in group assignment with the addition of these variables. In particular, the results of the analysis suggest that the tier assignment given here is more sensitive to the particular set of pooled sera used for the assignment than to interassay variability (Fig. 7 , left hand columns) and that, for some of the Env pseudoviruses (Fig. 7, those outside the rectangles) , the classification is less well resolved. Furthermore, since some clades and CRFs are not represented by our panel of sera, the actual uncertainty is likely to have been underestimated by the bootstrap measure.
Together, these data demonstrate that four distinct categories of neutralization sensitivity can be identified in this panel of HIV-1 Env pseudoviruses when a complex set of HIV-1 ϩ plasma pools are employed for NAb assessment.
We created a maximum-likelihood tree indicating the phylogenetic relationships of the gp160 sequences in our Env pseudovirus panel (Fig. 8) . The Peruvian clade B viruses had a disproportionately high number of tier 3 viruses relative to the number among the other clade B isolates tested (4 of 7 from Peru versus 2 of 29 others; Fisher's exact test, P ϭ 0.032). In particular, 14 tier 3 viruses were sampled from among the 38 Cameroonian CRF02_AG-related, Chinese CRF07_BC, and Peruvian B clade isolates, while only two tier 3 viruses were found among the other 71 isolates (Fisher's exact test, P ϭ 4.2 ϫ 10 Ϫ6 ). Given this, it is interesting to note that the clade B plasma pools were comprised of samples from the United States, and there were no Peruvian B or Chinese CRF07_BC plasma samples used in this study. Thus, it is possible that the neutralization resistance of these viruses might have been affected by not having plasma pools that correspond to the locally circulating lineages in Peru and China. Alternatively, locally circulating lineages may have adopted a generally more neutralization-resistant form of the virus. However, CRF02_AG-related viruses from Cameroon were highly resistant to neutralization (tier 3), even when tested with pooled CRF02_AG plasma from Cameroon.
DISCUSSION
We characterized a large and diverse panel of HIV-1 Env pseudoviruses to better define the relative susceptibility of each isolate to NAbs and to identify subgroups of viruses that represent distinct categories of neutralization sensitivity. This panel represents a broad diversity of HIV-1 isolates in terms of genetic subtype, geographic distribution, and stage of infection, including viruses derived from acute HIV-1 infection. Importantly, this virus panel includes previously described reference panels of viruses, as well as isolates representative of clades and regions of the world that are epicenters of the AIDS epidemic. While some specific clades and CRFs are not well represented in this panel (i.e., clades D, G, and F and CRF01_AE), efforts are under way to clone and characterize HIV-1 Env pseudoviruses of these subtypes for utilization in NAb assays. Nonetheless, the existing panel provides a solid diversity of molecularly cloned viruses for characterizing the range of neutralization sensitivities of HIV-1 primary isolates and for defining subgroups of viruses for tiered NAb assessment. Furthermore, the known gp160 sequence of these viruses will facilitate efforts to map the epitope specificities of broadly neutralizing MAbs and sera from vaccinated or infected individuals and will serve as a foundation for future studies to delineate potential neutralization serotypes. Additional detailed information on these isolates and corresponding gp160 sequence data is being made available for reference on the Los Alamos National Laboratories website (www.hiv .lanl.gov/content/nab-reference-strains), and designated reference clones will be made available to other investigators through the NIH ARRRP.
Our initial rank-ordering analysis demonstrates that many isolates in this panel exhibit a similar range of average NAb sensitivities, with a smaller proportion of viruses demonstrating a distinctly more sensitive or resistant phenotype. Most viruses were neutralized by each of the HIV-1 ϩ plasma pools tested, although the degree of sensitivity to individual pools varied among isolates. The epitope specificities of NAbs represented in the majority of these plasma pools are unknown, although we have previously investigated the constituent samples of the clade B-Zepto and clade C-SA pools (4). These studies found evidence of NAbs targeting the CD4bs of gp120 and, to a lesser extent, the membrane-proximal external region (MPER) of gp41; however, the majority of neutralizing activity could not be effectively mapped. While we did not detect any pronounced synergy or hindrance associated with the pooling of these individual plasma samples in the studies for this report, it should be noted that these experiments were not optimally designed to thoroughly investigate these questions.
Given the range of neutralization sensitivities observed for individual isolates within this panel, we employed clustering analysis as a method to distinguish four subsets of viruses representative of distinct tiers of neutralization sensitivity. The three isolates demonstrating the greatest sensitivity to neutralization (MW965.26, SF162.LS, and MN) form their own unique cluster (tier 1A) and have historically been utilized for tier 1 screening of candidate vaccine sera for minimal NAb activity. Importantly, our analysis has defined an additional subset of viruses with above-average sensitivities that we have termed tier 1B. These isolates will provide an important bridge in the tiered algorithm of testing between the hypersensitive tier 1A isolates and the much larger subgroup of tier 2 HIV-1 isolates that exhibit moderate sensitivity to antibody-mediated neutralization. To date, many candidate HIV-1 vaccine immunogens have been shown to elicit antibody responses that can neutralize tier 1A viruses, yet none have demonstrated the capacity to elicit neutralizing activity against most tier 2 reference viruses (8, 9, 16, 29) . Thus, we recommend the inclusion of tier 1B isolates in the screening of candidate vaccine sera as a means to better detect and identify incremental advances in immunogen design that result in NAbs with increasing breadth and potency. The majority of viruses in our panel clustered into Hierarchical clustering heatmap demonstrating the robustness of designated tier categorization. HIV-1 Env pseudoviruses (n ϭ 109) were assessed for neutralization sensitivities using seven pools of subtype-specific HIV-1 ϩ plasma from chronically infected individuals. Individual viruses are listed on the right side based on neutralization sensitivity rank order, and tier categorization as determined by k-means clustering analysis is indicated. Individual plasma pools are indicated at the bottom of the heatmap, and the dendrogram for plasma clustering is displayed at the top. The magnitude of neutralization (log 10 ID 50 titers) is denoted by color, in which lower values of neutralization are represented by lighter colors (e.g., light yellows) and higher values are represented by more saturated dark colors (e.g., dark reds). Boxes are drawn around viral isolates in each tier category that grouped with Ն80% probability when uncertainty associated with limited sampling (bootstrap) and assay variability (noise) was incorporated into the k-means clustering analysis. The bootstrap involved resampling the data sets from the plasma pools and reevaluating the k-means clusters 10,000 times and determining how many times each virus was a member of the originally assigned tier classification in the resampled datasets. Env pseudoviruses that clustered with the assigned tier are shown in the column on the left as black for tier 1A, magenta for tier 1B, blue for tier 2, and yellow for tier 3. The probability of falling within a cluster is indicated by the intensity of the color, and the frequency of falling into each of the respective tiers is indicated by the degree of blending of colors (for example, a virus that consistently grouped with tier 1B would be represented by an intense, solid magenta bar in the left column, while a virus associated with tier 3 in 60% of the bootstraps but with tier 2 in the other 40% would be represented as a faint yellow-green band). A limited number of repeat experiments were performed and used to estimate the impact of interassay variability (called noise), and the repeat error was modeled as a log normal distribution of the results. Noise was added back to the actual data based on randomly selecting points from within the model distribution of error, 1,000 noise-added datasets were generated, and k-means clustering was evaluated for each of these. The robustness of the clusters is indicated, in the same manner as the bootstrap, in the second column. the tier 2 category and thus may be a fair representation of the average neutralization sensitivity of circulating strains of HIV-1. Utilization of these viruses in the second tier of testing will provide important insight into the potency and cross-reactive breadth of NAbs elicited by candidate vaccine immunogens. We also identified a subgroup of tier 3 viruses that were unusually resistant to neutralization by one or more of the HIV-1 ϩ plasma pools. These isolates will provide an additional level of stringency for assessing the potency of candidate vaccine sera which demonstrate NAb activity against tier 2 isolates. We investigated assay parameters in addition to the ID 50 titer for the rank-ordering and clustering analysis of our HIV-1 Env pseudovirus panel. In particular, pAUC was found to be an informative measure of NAb activity that provided rank order and clustering results that were highly concordant with those of our analyses based on NAb ID 50 titer. Furthermore, we investigated the robustness of our hierarchical clustering assignments by introducing measures of laboratory assay variance and random resampling with replacement of results for bootstrap comparisons. These analyses demonstrate that the large majority of viruses cluster into their designated tier category with Ն80% probability. While particular viruses were ambiguous in tier assignment with the introduction of these variables, the results support the general categorization of these isolates into four tiered subgroups based on neutralization sensitivity. Alternate approaches for identifying the number of clusters (e.g., the method of Calinski and Harabasz [10] ) and for assigning viruses to clusters (e.g., k-medoids, agglomerative hierarchical clustering, and divisive hierarchical clustering) show some variability in both the number of clusters identified and virus cluster assignments depending on the methods used for analysis. We report the results using k-means, a partitional clustering method, but other partitional clustering methods produced very similar results.
The previous studies which led to the recommended standard reference panels of clade B and clade C HIV-1 isolates incorporated NAb phenotyping using four broadly neutralizing MAbs and a limited number of HIV-1 ϩ serum samples (22, 23) . While these data were useful in selecting viruses which fit the general criteria of not being overly sensitive or resistant to NAbs, it was not clear that these viruses reflected the range of neutralization sensitivities observed in the larger context of globally diverse HIV-1 isolates. In this study, we have applied a more rigorous analytical assessment of the neutralization sensitivities of these commonly used reference viruses. Our results demonstrate that these standard reference panels, as well as several clade A and transmitted/founder clade B viruses, represent a broad distribution in neutralization rank order. While the majority of isolates in these panels were categorized as tier 2 viruses, each panel had one or two viruses that were categorized as tier 1B. The standard clade B reference panel also contains two viruses that were categorized as tier 3 isolates (PVO.4 and TRJO4551.58). Thus, our data support the continued use of these standard reference panels for the testing of candidate vaccine sera. Having defined the relative neutralization sensitivity rank order of viruses within each reference panel will also facilitate the interpretation of results when these panels are employed.
We have also investigated whether specific virus characteristics are associated with neutralization sensitivity. No associations were found with the stage of infection or the source of material from which the gp160 Env gene was cloned. Notably, there was no evidence that the transmitted viruses were different than other viruses in overall neutralization sensitivity. We did observe a significant trend toward increased neutralization sensitivity when the virus and HIV-1 ϩ plasma pool were of the same clade, supportive of previous such observations (7). However, it should be noted that this was determined using a limited number of matched virus isolates and plasma pools. To investigate whether this clade match effect influenced our rank ordering and clustering results, these analyses were repeated after the matching clade log 10 ID 50 titers were removed from the average. In fact, we found that exclusion of these data did not greatly affect our results (data not shown).
Some HIV-1-specific MAbs can only neutralize viruses known to have a highly neutralization-sensitive phenotype (5, 9, 34) . We therefore evaluated two such MAbs, MAb 1.5E directed to the CD4bs and MAb 17b directed to the coreceptor binding site. Both MAbs could neutralize viruses within the tier 1A and 1B categories but were ineffective against viruses in the tier 2 and 3 categories. Since our virus categorization was done with HIV-1 ϩ plasma and not MAbs, these results confirm that the neutralization capacity of some MAbs is restricted to a small subset of particularly neutralization-sensitive viruses. Our data were similar for the anti-V3 MAb 447, which neutralized primarily within the tier 1A and 1B categories of viruses. These data are consistent with a model suggesting that, for most virus isolates, the conformation of the native Env trimer acts to restrict access to coreceptor and CD4 receptor epitopes on gp120 (20, 21, 34) and that the V3 loop region is not well exposed on most primary isolates of HIV-1 (5, 9, 43, 46). Thus, it is possible that the heightened susceptibility of tier 1A and the more sensitive tier 1B viruses to these MAbs and to NAbs in general may be related to an enhanced open configuration of the Env trimer on the virion surface which makes these epitopes more accessible for antibody binding.
In summary, this study provides the first analytically derived definition of tiered neutralization phenotypes of HIV-1 isolates. We used a set of varied plasma pool reagents to characterize the overall neutralization sensitivities of a diverse panel of more than 100 HIV-1 Env pseudoviruses. Viruses were collected from diverse geographic regions and stages of infection and represented most of the major circulating genetic subtypes of HIV-1 worldwide. Viruses could be categorized into four groups, designated tiers 1A, 1B, 2, and 3, with the majority of viruses belonging to tier 2. This viral panel will facilitate the full characterization of novel MAbs and will allow a careful and systematic assessment of the potency and breadth of neutralization by vaccine sera. The known Env sequences and clonal nature of these Env pseudoviruses will also allow investigation of the viral epitopes that contribute to neutralization by HIV ϩ plasma, vaccine sera, and MAbs. 
